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Abstract
A citrate pyrolysis technique is a unique route to prepare reactive precursor
mixtures through an ignition process of concentrated aqueous solution. This proce-
dure enables to synthesize highly homogeneous and fine powders for functional
materials. The double-chain based superconductor Pr2Ba4Cu7O15δ and double
perovskite photocatalytic semiconductor Ba2Tb(Bi,Sb)O6 were synthesized by
using the citrate pyrolysis technique. For the present sample with a reduction
treatment for 72 h, a sharp superconducting transition appeared at an onset tem-
perature Tc,on=26 K accompanied by a zero-resistance state at Tc,zero=22 K. The
superconducting volume fraction estimated from the magnetization measurement
showed an excellent value of  58%. Both reduction treatment in a vacuum and
subsequent quenching procedure are needed to realize higher superconductivity
due to further oxygen defects. The polycrystalline samples for Ba2Tb(Bi1x,Sbx)O6
(x ¼ 0 and 0.5) were formed in the monoclinic and cubic crystal structures. We
conducted the gaseous 2-propanol (IPA) and methylene blue (MB) degradation
experiments under a visible light irradiation, to evaluate photocatalytic activities of
the powder samples. For the Sb50% substituted sample, the highest performance of
MB degradation was observed. The effect of Sb-substitution on the photocatalytic
degradation of MB is in direct contrast to that on the IPA decomposition under
visible light irradiation. The enhanced photocatalytic properties in the citrate sam-
ples are attributed to their morphology, where fine particles are homogeneously
distributed with a submicron order.
Keywords: citrate pyrolysis technique, double-chain based superconductor,
pressure effect, double-perovskite oxide, photocatalytic semiconductor
1. Introduction
A citrate pyrolysis technique is similar to nitrate combustion synthesis methods
[1] and a unique route to prepare reactive precursor mixtures through an ignition
process of concentrated aqueous solution including stoichiometric amounts of metal
ions. For 80 K-class high- Tc cuprate superconductors such as YBa2Cu4O8, high-
quality single-phase polycrystalline samples have been successfully prepared at
ambient oxygen pressure [2, 3]. We believe that the present technique is a powerful
tool to fabricate highly homogeneous and fine crystalline grains for functional
materials, in comparison to conventional solid-state reaction methods.
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High- Tc copper-oxide superconductors discovered as far have close relationship
with two-dimensional CuO2 planes. In quasi one-dimensional (1D) Cu2O3 ladder
system without CuO2 planes, it has been reported in [4] that the application of
external pressure under 3 GPa causes bulk superconductivity at Tc = 12 K. For
Pr-based copper oxides including insulating CuO2 planes, we have reported that
Pr2Ba4Cu7O15δ (Pr247) with metallic CuO double-chain structure achieves a
superconducting-state with a higher Tc (15 K) after a reduction treatment [5].
In the subsequent microscopic research on Pr247 [6], nuclear quadrupole reso-
nance observations have resolved that the newly discovered superconductivity
occurs along the CuO double-chain block. The Pr-based cuprates, PrBa2Cu3O7δ
(Pr123) and PrBa2Cu4O8 (Pr124), have identical crystal structures as Y-based high-
Tc superconductors, YBa2Cu3O7δ (Y123) and YBa2Cu4O8 (Y124), respectively.
Both the Pr123 and Pr124 compounds share insulating CuO2 planes and exhibit no
superconductivity [7, 8]. The CuO single chains in Pr123 follow semiconducting
property but Pr124 has a metallic conduction along the CuO double chain block [9].
For Pr124, it is hard to control the carrier density of doped double chains, because it
is thermally stable against high temperature heat treatment.
For Pr247 intermediate compound existing between Pr123 and Pr124 phases,
there are alternate stacks of CuO single-chain and double-chain blocks along the
c-axis such as {-S-D-S-D-} sequence [10, 11] (see Figure 1). Here, CuO single-chain
and double-chain blocks along the b-axis are abbreviated as S and D, respectively.
Under thermal control of the oxygen content along the semiconducting CuO single
chains in Pr247, it is possible to investigate the physical characters of the metallic
CuO double chains. In oxygen defect polycrystalline sample, we succeeded in the
appearance of superconductivity at an onset temperature Tc,on of 15 K [5].
The B-site substituted perovskite oxides A2B0B0
0
O6 have been widely studied
because of their attractive physical properties and potential applications [13] (see
Figure 2a). Some of the double perovskite compounds such as A2FeMoO6
exhibiting negative tunneling magnetoresistance effect at room temperature are of
great interest with a wide range of applications in magnetic devices [14]. Further-
more, multiferroic double perovskite oxides have an effective coupling between
spontaneous ferroelectric polarization and ferromagnetic ordering, which is con-
sidered to be promising materials from view points of physics and its applications
[15]. Recently, a series of double perovskite oxides Ba2Ln0Bi0
0
O6 (Ln:lanthanides)
has been examined on the view point of photocatalytic semiconductors for hydro-
gen generation by water splitting and are taken as alternative materials for TiO2
oxide [16, 17]. In particular, Ba2PrBiO6 is found to possess highly photocatalytic
performance, which is probably close to the valence mixing state [18, 19]. Further-
more, a previous study on the magnetic properties of the Ba2PrBiO6 compound
revealed that the average valence of Pr ions is an intermediate state between
trivalent and tetravalent [20].
As for the key factors to fabricate visible light driven photocatalysts, it is
desirable to control the energy band gap between the valence and conduction bands
of their semiconductors to utilize a wide range of visible light [21, 22]. Accordingly,
we think that the Sb substitution at the B site of the parent material Ba2PrBiO6 is an
effective approach to adjusting the band gaps. For high photocatalytic activity, we
avoid charge recombination between electron and hole and try to promote the
photogenerated charge separation in the photocatalystic materials [21, 23]. In our
research [24], it has been demonstrated that the valence mixing states between Pr3þ
and Pr4þ are closely related to the phenomena of charge separation.
For our further understanding of the enhanced effect of the mixed valence states
at B-site ions of the double perovskite compound on the photocatalytic
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performance, we demonstrate the 2-propanol decomposition and methylene blue
(MB) degradation under the irradiation of visible right for Ba2Tb(Bi,Sb)O6 samples
prepared by the citrate pyrolysis technique. MB aqueous solution is adopted as the
model pollutant [25].
2. Experiments
2.1 Double-chain based superconductor
2.1.1 Synthesis of Pr2Ba4Cu7O15δ samples
First of all, flow chart of citrate pyrolysis technique for the synthesis of
Pr2Ba4Cu7O15δ (sample #1) is illustrated in Figure 3b.We synthesized high-quality
polycrystalline samples of Pr2Ba4Cu7O15δ by using a citrate pyrolysis technique [2, 3].
Stoichiometric quantities of high purity Pr6O11, Ba(NO3)2, and CuOweremixed and
thoroughly ground. Themixturewas dissolved in a nitric acid solution at 50–60°C. After
adding citric acid to the resultant solution, we then neutralized it by adding aqueous
Figure 1.
(a) Typical crystal structure of Pr2Ba4Cu7O15δ (Pr247) with CuO single-chain and double-chain blocks
stacked along the c-axis. Here, S and D denote CuO single-chain and double-chain blocks along the b-axis. For
comparison, the crystal structure of Pr124 is shown on the right hand side. (b) TEM image of superconducting
Pr247. CuO single-chain and double-chain blocks are alternately stacked along the c-axis such as {-S-D-S-D-}
sequence [12].
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Figure 2.
(a) Typical crystal structure of double perovskite Ba2(Pr,Tb)(Bi,Sb)O6. (b) SEM image of Ba2TbBiO6
polycrystalline film fabricated from the single-phase powders by an electrophoretic deposition technique.
(c) Photograph of the pelletized precursors of Ba2TbBiO6 after a citrate pyrolysis procedure.
Figure 3.
(a)X-ray diffraction patterns of as-sintered polycrystalline Pr2Ba4Cu7O15δ. The (004) peak corresponds to
one of typical Miller indexes of Pr247. The calculated curve is obtained using the lattice parameters in the text.
Inset shows characteristic peaks at 2θ  7°, indicating the formation of Pr123, Pr124, and Pr247 phases. (b)
Flow chart of citrate pyrolysis technique for the synthesis of Pr2Ba4Cu7O15δ (sample #1). After post-annealing
of the as-sintered sample in a vacuum, quenching procedure is needed to obtain higher superconductivity due to
further oxygen defects.
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ammonia. After the solutionwas dried up under stirring on halogen lamp heater block,
the porous black products were formed through the self-ignition process of it. Finally,
the precursors were ground into fine powders and theywere annealed under ambient
pressure of flowing oxygen gas at 891°C0:5°C for an extended period over 100120 h.
For the present citrate pyrolysis synthesis procedure, we adopted the electric tube
furnace with three zone temperature controlled system, to achieve the temperature
uniformity within 1°C. In our previous study [26], we realized homogeneous distribu-
tions of the superconducting grains and improvedweak links between their
superconducting grains in the sintering procedure by using the 3 zone furnace. The
oxygen in the as-sintered sample was removed by reduction treatment in a vacuum at
500600°C, yielding a superconductingmaterial. In particular, sample #1was
quenched in air from300°Cdown to room temperature and samples#2–1 and#2–2were
slowly cooled in the electric furnace, as listed inTable 1. Asmentioned below, this
quenching procedure is needed to obtain higher superconductivity due to
further oxygen defects. Typical dimensions of the pelletized rectangular sample were
4 3 1 mm3.
2.1.2 Structural and physical properties of Pr2Ba4Cu7O15δ samples
X-ray diffraction measurements on the produced samples were carried out at
room temperature with an Ultima IV diffractometer (Rigaku) using Cu-Kα radia-
tion. We evaluated the lattice parameters from the x-ray diffraction patterns using
the least-squares fits.
The local crystal structure of the Pr247 sample was revealed by high-resolution
transmission electron microscopy (TEM) using a JEOL3010 microscope operated at
300 kV at Tohoku University, to examine alternative stacking along the c-axis
between CuO single-chain and double-chain blocks. The electric resistivity as a
function of temperature was measured by the dc four-terminal method using a
Gifford-McMahon cryocooler (Sumitomo heavy Industries).
We performed Hall coefficient measurements on the 48-h-reduced samples with
the five-probe technique using a physical property measuring system (PPMS,
Quantum Design), to check the sign of carriers in the present Pr247 superconduc-
tor. For determination of an onset temperature of superconductivity and
superconducting volume fraction at low temperatures, the dc magnetization was
performed under zero-field cooling (ZFC) in a commercial superconducting quan-
tum interference device (SQUID) magnetometer (MPMS, Quantum Design).
2.1.3 Pressure effect on transport properties of Pr2Ba4Cu7O15δ samples
It is well known that application of external pressure on oxide superconductors
changes doped carrier densities, causing a positive or negative dependence of their
Sample no. Reduced condition δ Tc,on (K) Tc,zero (K) Experimental data
#1 500°C 48 h, 600°C 24 h quenched 0.72 26 22 ρ(T), M(T)
#2-1a 500°C 48 h furnace cooled 0.56 26.5 15 TEM
#2-2b 500°C 48 h furnace cooled 0.56 26.5 15 RH, pressure effect




Sample details of Pr2Ba4Cu7O15δ used in the experiments.
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superconducting transition temperature. We carried out the temperature depen-
dence of the resistivity and the magneto-resistance (MR), under a maximum pres-
sure of 2 GPa.
The MR effect of Pr247 sample was measured at low temperatures as a function
of applied field up to 14 T using a 15 T-SM superconducting magnet at Institute for
Materials Research, Tohoku University. The electric current I was excited in the
longitudinal direction to the sample and the external magnetic field H was applied
in the transverse direction to it (H⊥I). We measured the influence of applied
pressure on the electric resistivity using a hybrid piston cylinder-type CuBe/NiCrAl
cell under hydrostatic pressure up to 2.0 GPa, where inner and outer cylinders were
made of NiCrAl and CuBe alloys, respectively. A mixture of Fluorinert FC-70 and
FC77 (1:1) was used as a pressure transmitting medium in the experiments.
2.2 Double perovskite photocatalytic semiconductor
2.2.1 Synthesis of Ba2Tb(Bi,Sb)O6 samples
The citrate pyrolysis technique as mentioned above was applied to synthesis of
Ba2Tb(Bi,Sb)O6 compounds. After mixing stoichiometric quantities of high purity Ba
(NO3)2, Tb4O7, Bi2O3, and Sb, the resultant mixture was dissolved in a nitric acid
solution at 70–80°C. Furthermore, adding citric acid to the solution, the neutralizing
process was in progress by adding aqueous ammonia to it while the pH value of the
solution reached  6:9. The transparent solution was dried under stirring on the
halogen lamp hot plate, and the self-ignition process occurred in the 0.5 L beaker,
resulting in the formation of the porous products. Finally, the precursors were ground
into fine powders and they were annealed in air at 900–1000°C for 48-96 h, in order
to synthesize the Ba2Tb(Bi,Sb)O6 double perovskite phase (samples #T1 and #T2).
For scanning electron microscope (SEM) measurements, Ba2TbBiO6 polycrys-
talline film on Ag substrate was fabricated from the single-phase powders by an
electrophoretic deposition technique. The SEM image revealed the surface
morphology and shape of the Ba2TbBiO6 powder sample.
2.2.2 Physical properties of Ba2Tb(Bi,Sb)O6 samples
We measured optical spectra by a diffuse reflectance method using a spectro-
photometer (Hitachi U-3500) with the reference material of BaSO4. The energy
band gaps for the powder samples were estimated from the reflectance data on the
basis of conventional Kubelka-Munk function [18, 28]. The dc magnetization mea-
surement was performed over a wide range of temperatures under the magnetic
field cooling process of 0.1 T using a SQUID magnetometer.
The effective magnetic moment (μeff) estimated from the the magnetic suscep-
tibility data using the Curie–Weiss law gives rise to the average valence of the Tb
ion at the B site, which is related to the ratio of the Tb3þ and Tb4þ ions.
2.2.3 Photocatalytic properties of Ba2Tb(Bi,Sb)O6 samples
We conducted the gaseous 2-propanol (IPA) and methylene blue (MB) degra-
dation experiments, to evaluate photocatalytic activities of the powder samples (in
detail, refer to [18, 29]). The visible light radiation experiment started after the IPA
gas concentration reached constant under the dark condition. This conformation
suggested that the IPA gas finished absorbing on the surface of powders. We used a
300 W Xe lamp equipped with UV and IR filtering functions (Cermax LX300F,
6
Recent Perspectives in Pyrolysis Research
Excelitas Technologies). The illuminating spectra of the Xe lamp covered the visible
wavelength range from 390 to 780 nm (Figure 4b). We set the powder samples
(about 1 g) placed on the bottom of a small glass cell in a 0.5-L glass reactor vessel
(Figure 4c) and injected the dilute IPA gas (5 cc) into its vessel with a syringe.
It is well known that the IPA gas under photocatalytic reaction is finally
decomposed into CO2 [29]. Accordingly, the CO2 concentration was measured as a
function of irradiation time using a gas chromatography system (GC-2014, Shimazu
Co.). The photocatalytic methylene blue degradation was carried out using 0.5 g of
powders suspended in 50 mL of MB solution (10 ppm). The MB solution was stirred
in dark for 30 min before starting visible light radiation. The bleaching of MB was
measured using the UV–visible spectrometer (V550, JASCO Co.). The solution of
about 3 mL was transferred from the 100 mL reactor vessel under light irradiation
and it was then analyzed at the regular time interval, to determine the
corresponding MB concentration.
3. Results and discussion
3.1 Double-chain based superconductor Pr2Ba4Cu7O15δ
3.1.1 Structural and superconducting properties of Pr2Ba4Cu7O15δ
X-ray diffraction data revealed that the as-sintered polycrystalline samples are
an almost single phase with an orthorhombic structure (Ammm), as shown in
Figure 3a. The lattice parameters of the as-sintered sample prepared using the
three-zone controlled furnace are a ¼ 3:8919 Å, b ¼ 3:9143 Å, and c ¼ 50:7927 Å.
Figure 4.
(a) Photocatalytic activities of IPA decomposition vs visible light irradiation time for Ba2TbBiO6 citrate
pyrolysis and solid-state samples. For comparison, the data for the Sb50% substituted sample are given. The
gaseous concentration is normalized by the surface area of the powder samples. (b) Illuminating spectra of the
Xe lamp limited in the visible wavelength range between 390 and 780 nm. (c) Photograph of 0.5-L glass
reactor vessel for the IPA experiment. The powder sample (about 1 g) placed on the bottom of a small glass cell
was set in its vessel.
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These values fairly agree with the lattice parameters of Pr247 estimated by a
previous study [30]. It was from gravimetric analysis estimated that the oxygen
deficiencies in the 48 and 72 h reduced samples in a vacuum are δ ¼ 0:56 and δ ¼
 0:72, corresponding to samples #2–1, #2–2 and sample #1, respectively (Table 1).
According to a variation in Tc as a function of the oxygen deficiency [31], the Tc,on
shows a rapid increase at δ≥  0:2, then follows a stable increase with δ, and finally
remains saturation around 26–27 K at δ≥  0:6. Therefore, we conclude that the
doped carrier concentrations in the present samples are located near the optimally
doped region.
First of all, the temperature dependences of electric resistivities of the Pr123,
Pr124, and as-sintered Pr247 compounds are shown in Figure 5a. The Pr123 and
Pr124 samples exhibit semiconducting and metallic behaviors in ρ. The as-sintered
Pr247 sample shows a weakly semiconducting property at high temperatures, it
then reaches a maximum peak at intermediate tempertures around  150 K, and
finally it follows a metallic behavior with lowering T. It is well known that CuO
single chains in Pr123 and CuO double chains in Pr124 show semiconducting and
metallic behaviors, respectively. The reduction heat treatment on the as-sintered
sample in a vacuum results in the appearance of superconducting state with
Tc=22-27 K, accompanied by the strongly metallic properties over a wide range of
temperature (Figure 6a). For the present Pr247 sample with a reduction treatment
for 72 h, a sharp superconducting transition appears at an onset temperature
Tc,on=26 K and then it achieves a zero resistance state at Tc,zero=22 K.
Furthermore, to check bulk superconductivity, we performed to measure low-
temperature dependence of magnetic susceptibility χ of the 72-h-reduced
superconducting sample measured at 5 mT under ZFC scan. Figure 6b exhibits
diamagnetic signals below Tc,on = 26 K for the 72-h-reduced sample. In addition,
the superconducting volume fraction due to the shielding effect is estimated to be
 58% from the ZFC values at 5 K. In the inset of Figure 6, the magnified data are
plotted to clarify the definition of Tc,on. We note that the quenching procedure in
Figure 5.
(a) Temperature dependences of electric resistivities of the Pr123, Pr124, and as-sintered Pr247 compounds.
(b) Schematic view of Cu(3dx2y2) orbitals and O(2pσ) orbitals in a CuO double chain of Pr2Ba4Cu7O15δ.
Here, tpp and tdd denote the hoping term between 2pσ orbitals at the nearest neighbor oxygen sites and that
between 3dx2y2 orbitals at the nearest neighbor copper sites, respectively [32].
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air promotes a sharp superconducting transition appearing at temperatures between
Tc,on=26 K and Tc,zero=22 K.
3.1.2 Hall and pressure effects of Pr2Ba4Cu7O15δ
Furthermore, in Figure 7, we show the temperature dependences of the Hall
coefficients RH for the as-sintered non-superconducting and 48-h-reduced
superconducting samples of Pr2Ba4Cu7O15δ. For comparison, the RH values of the as-
sintered sample are taken from our previous work [33], which are similar, in magni-
tude and temperature dependence, to RH of Pr124 with a metallic CuO double-chain
block. (Figure 1a) For the 48-h-reduced sample, the RH data exhibit negative values
in the limited temperature range between 30 and 100 K, accompanied by electron
doping due to the reduced heat treatment in a vacuum. Moreover, we estimate RH ¼
1:1 103 cm3/C at 30 K, which is in good agreement with the published data [33].
In Figure 7b, we show the temperature dependences of electrical resistivities of
the 48-h-reduced superconducting sample under hydrostatic pressures up to
2.0 GPa. The application of external pressure on the 48-h-reduced sample
suppressed the superconductivity with increasing the applied pressure. In the case
Figure 6.
(a) Temperature dependence of electric resistivity of the 72-h-reduced superconducting Pr247 compound.
(b) Low-temperature dependence of magnetic susceptibility χ of the 72-h-reduced superconducting sample
measured at 5 mT under ZFC scan. In the insets, the magnified data are plotted to clarify the definition of Tc,on.
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of applied pressures above 0.8 GPa, the zero-resistance state vanished and the high-
temperature metallic properties were transferred to the semi-conducting behaviors,
accompanied by a rapid increase in ρ. The onset temperature of superconducting
transition Tc,on declined gradually from 26.5 K at ambient pressure through 24.1 K
at 0.8 GPa down to 18.0 K at 1.6 GPa. However, the onset temperature was
enhanced up to  30 K under a maximum pressure of 2.0 GPa.
The electronic phase diagram between normal and superconducting phases of a
CuO double chain model has been clarified using the Tomonaga-Luttinger Liquid
theory [32]. In the case of a shrinkage of the lattice spacing along c-axis between the
two single chains of a CuO double-chain block, we expect the enhancement of both
carrier hopping energies, tpp and tdd. Here, we define the hoping term between 2pσ
orbitals at the nearest neighbor oxygen sites and that between 3dx2y2 orbitals at the
nearest neighbor copper sites, as tpp and tdd, respectively (see Figure 5b). If we
apply the external pressure on Pr247 including the CuO double chain block, it is
theoretically predicted that the pressure induced enhancement of the hopping
terms will result in a phase transition from the superconducting to normal phase.
This theoretical prediction is qualitatively in agreement with the negative pressure
effect on the superconducting phase observed in Pr247 [34].
We examined the magneto-resistance effect (up to 14 T) of the 48-h-reduced
superconducting Pr247 for temperatures close to 30 K under a maximum pressure
of 2.0 GPa, to establish a phase boundary between the superconducting and normal
states. In Figure 7c, the MR data around 30 K tend to increase according to the
upward covey behaviors at low fields. On the other hand, the MR around 40 K
shows weak increases in the downward convey forms which is related to the model
Figure 7.
(a) Temperature dependences of Hall coefficients for the as-sintered non-superconducting and 48-h-reduced
superconducting Pr247 compounds. For comparison, the as-sintered data are cited from our previous paper
[34]. (b) Temperature dependences of electrical resistivities of the 48-h-reduced superconducting Pr247 under
various pressures up to 2.0 GPa. (c) Magneto-resistance effect (up to 14 T) of the 48-h-reduced
superconducting Pr247 for temperatures close to 30 K under a maximum pressure of 2.0GPa.
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of slightly warped Fermi surfaces. (in details, see [27]) This finding indicates that
the applied magnetic field destroyed the superconducting isolated regions and
enlarged further the normal-state majority phase, resulting in the observed MR
phenomena near 30 K. The re-entrant superconducting behavior observed at
2.0 GPa is an open question to be resolved in future through the structure analysis
under applied pressures [35].
3.2 Double perovskite photocatalytic semiconductor
3.2.1 Structural and valence-state properties of Ba2Tb(Bi,Sb)O6 samples
X-ray diffraction patterns of Ba2TbBiO6 are shown in Figure 8. For the parent
Ba2TbBiO6 with a monoclinic structure (the space group I2=m), the lattice param-
eters were estimated from the x-ray diffraction data to be a ¼ 6:1099 Å, b ¼ 6:0822
Å, c ¼ 8:5939 Å and β ¼ 89:888∘, which fairly agree with previous data [20]. The
peak intensity of (101) reflection (the inset of Figure 8) is responsible for the
degree of B-site ordering in the double-perovskite crystal structures. When the B
site ordering is assumed to be 70 %, the tiny profiles around the (101) peak are
well fitted by the least squared method using the RIETAN-FP program [37].
For the Ba2Pr(Bi,Sb)O6 system, the polycrystalline samples for x<0:5 are
formed in almost single phases of the monoclinic structure, while the x≥0:5 sam-
ples crystallize in a cubic structure with the space group Fm3m [24]. Substitution of
the smaller Sb5þ (0.60 Å) ion at the Bi5þ (0.76 Å) site causes a monotonic decrease
in the lattice parameters. For Ba2TbBi0:5Sb0:5O6, we obtain the lattice parameters














(a)X-ray diffraction patterns of Ba2TbBiO6. Inset shows the enlarged diffraction data. The emergence of (101)
reflection indicates B-cation ordering which is characteristic of the ordered double-perovskite structure. (b)












0:5. The crystallographic phase
diagram consisting of the monoclinic, rhombohedral and cubic phases is given as a function of tolerance factor in
ref. [36].
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0:5. The tolerance factor of double perovskite compounds Ba2(Pr,Tb)
(Bi,Sb)O6 is given by the following equation,





  , (1)
where rBa, rO, rTb, and rM¼ Bi,Sbð Þ are the ionic radii of the respective ions (in
details, refer to [24]). The crystallographic phase diagram consisting of the mono-
clinic, rhombohedral and cubic phases is given as a function of tolerance factor in
ref. [36]. The crystal structures obtained for the x = 0 and x = 0.5 samples are
almost consistent with the phase diagram reported. Assuming the tetravalent state
of Tb4þ, we obtain the value of t = 0.97914, indicating the stability of a cubic
structure for the x = 0.5 sample. The microstructures and pelletized precursors for
the Ba2TbBiO6 parent sample prepared by the citrate pyrolysis method are shown in
Figure 2b and c. The crystalline grains of the citrate sample have an average size
ranging from about 0.2 to 0.5 micron. On the other hand, the grain diameters of the
solid-sate sample are distributed on a micron order scale and about one-order grater
than those of the former. The citrate pyrolysis process fabricates uniformly
dispersed grains with sub micron size compared with the solid-state preparation
technique (see [24]).
The magnetic susceptibility data for the Ba2Tb(Bi1x,Sbx) O6 compounds (x=0
and 0.5) were measured as a function of temperature under a magnetic field of
0.1 T. (not shown here) The effective magnetic moments (μeff) are estimated from
the magnetization data using the Curie–Weiss law. For the parent and x = 0.5 citrate
samples, we obtain μeff= 8.91 μB and 8.86 μB, as listed in Table 2. Moreover, we try
to evaluate the ratio of the Tb3þ and Tb4þ ions using the equation,
μ2eff ¼ yμ2eff Tb3þ
 
þ 1 yð Þμ2eff Tb4þ
 
(2)
where μeff(Tb3þ) = 9.72 μB and μeff(Tb4þ) = 7.94 μB. For the parent and x = 0.5
citrate samples, we obtain that the ratio of Tb3þ and Tb4þ ions is 0.52 : 0.48 and 0.49 :
0.51, respectively. The mixed valence state expected from the magnetic data qualita-
tively consists with the above discussion on the stability of cubic structure for the









#T1 Ba2TbBiO6 citrate pyrolysis monoclinic 8.91 IPA, MB, Opt.
#T2 Ba2TbMO6 M = Bi0:5
Sb0:5
citrate pyrolysis cubic 8.86 IPA, MB, Opt.
#T3 Ba2TbBiO6 solid state monoclinic 9.07 IPA, MB, Opt.
#P1 Ba2PrBiO6 citrate pyrolysis monoclinica 3.08a MB
#P2 Ba2PrSbO6 citrate pyrolysis cubica 3.0a MB
#P3 Ba2PrBiO6 solid state monoclinicb 3.15b MB
The effective magnetic moments μeff were estimated from the magnetization data using the Curie–Weiss law. IPA, MB





Sample details of Ba2(Pr,Tb)(Bi,Sb)O6 used in the experiments.
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are oxidized to the tetravalent state over the whole range of Sb substitution [24]. In a
previous analysis of X-ray photoemission spectroscopy [39], it has been shown that a
predominant peak of Pr3þ coexists with a smaller shoulder structure of Pr4þ, giving
further evidence for the mixed valence state of the Pr ion.
3.2.2 Photocatalytic and optical properties of Ba2Tb(Bi,Sb)O6 samples
Next, the visible-light induced decomposition experiment using IPA gas was
carried out, to examine photocatalytic activities of the powder samples.
In Figure 4a, the temporal variation of evolved CO2 concentration after visible
light irradiation are shown for the Ba2TbBiO6 citrate and solid state samples. For
comparison, the data for the Sb50% substituted Ba2Tb(Bi0:5,Sb0:5)O6 sample are
also given. The CO2 concentrations for both the citrate and solid state x = 0 samples
rapidly rise at the initial 20 min and then show a gradual increase at further
illumination time. For the Sb50% substituted sample, no clear evolution of CO2 was
detected. It is expected that the heavy substitution of Sb ion at the B-site causes the
band gap opening and considerably reduces the formation of electron–hole pairs,
resulting in a strong suppression of the photocatalytic reaction processes. In our
previous study [38], we investigated the influence of the band gap opening due to
the Sb substitution on the basis of first-principles electric structure calculation. The
Sb substitution at Bi site removes the Bi-orbitals and makes the corresponding band
gap enlarged. The photocatalytic activity exhibits strong dependence of the Sb
substitution, which is associated with the enhancement of the band gap energy. It is
true that the photocatalytic behavior for the solid state sample is similar to that of
the citrate sample. However, the evolved CO2 quantities of the x=0 citrate sample
are about twice as large as the data of the corresponding solid state sample, as
shown in Figure 4a. The improved photocatalytic activity of the Ba2TbBiO6 citrate
sample is attributed to its morphology, where fine polycrystalline grains with a sub
micron order are homogeneously dispersed.
Furthermore, we demonstrated photocatalytic degradation of methylene blue
(MB) vs. visible light irradiation time for the end-member samples with Ba2(Pr,Tb)
BiO6 and Ba2PrSbO6 compositions. For comparison, the MB data of the Ba2PrSbO6
solid-state sample are given. Here, the MB degradation rate (%) is given by
C 0ð Þ  C tð Þð Þ=C 0ð Þ  100, where the peak intensities located around λ = 665 nm at
the initial and final concentrations at different time intervals are defined as C(0)
and C(t), respectively. Figure 9a shows the MB degradation rate after the visible
light irradiation for Ba2PrBiO6 and Ba2PrSbO6 samples. In Figure 9b and c, the
typical absorbance spectra and corresponding MB solutions for Ba2PrSbO6 at dif-
ferent irradiation time intervals are also displayed. The MB degradation rates under
visible light irradiation show rapid increases due to Sb-substitution. For the Sb50%
substituted Ba2Tb(Bi0:5,Sb0:5)O6 sample, the highest performance of MB degrada-
tion was observed. The citrate parent sample of Ba2PrSbO6 exhibits higher degra-
dation in comparison with the data of the solid-state sample with the identical
composition. For Ba2PrBiO6, the effect of Sb-substitution on the photocatalytic
degradation of MB is in direct contrast to that on the IPA decomposition under
visible light irradiation.
Finally, we carried out the optical measurements on the Ba2Tb(Bi1x,Sbx)O6
(x=0 and 0.5) powder samples by the diffuse reflectance method. In the first step,
we transformed the observed reflectance data to the absorption coefficient αKM by
applying the conventional Kubelka-Munk function. In the next step, extrapolating
the tangent line to the εp axis near the band edge, we evaluate the energy band gap
from the intersection following the equation
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Figure 10.
(a) Optical properties of Ba2Tb(Bi1x,Sbx) O6(x=0 and 0.5). αKMεp
 2
vs εp for the x ¼ 0:5 sample are
plotted as a function of εp. The inset shows plots of αKMεp
 1=2
vs εp. For the x = 0 sample, Eg is estimated from
an intersection point of base line and straight line by extrapolation. (b) Band gap energies vs Sb content (x) for
Ba2Tb(Bi1x,Sbx) O6 (x=0 and 0.5). The data of Ba2Pr(Bi,Sb)O6 are cited from our previous work [24]. (c)
Schematic illustration between the semiconductor band positions and the the surface redox reactions in
photocatalysis. The valence band (VB) is located to facilitate oxidation, but the lower conduction band (CB1)
is not sufficiently positioned to facilitate reduction. The higher conduction band (CB2) is suitable for promoting
effective reduction process.
Figure 9.
(a) Photocatalytic degradation of methylene blue (MB) vs visible light irradiation time for Ba2(Pr,Tb)(Bi,Sb)
O6 citrate pyrolysis samples. For comparison, the MB data of the Ba2PrSbO6 solid-state sample are given.
(b) Absorbance spectra as a function of visible light irradiation time for the MB degradation in the case of
Ba2PrSbO6 citrate pyrolysis sample. (c) Photocatalytic variations of the MB solutions at different irradiation
time intervals.
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αεp
 n
∝ εp  Eg
 
, (3)
where α, εp, and Eg are the absorption coefficient, the photon energy, and the
band gap energy. The exponents, n ¼ 2 and n ¼ 1=2, are responsible for direct and
indirect optical transitions, respectively [18, 19]. In Figure 10a, the absorption
coefficient, αKMεp
 2 is plotted as a function of εp for the x=0.5 sample. In the inset
of Figure 10a, αKMεp
 1=2 vs. εp are shown for the x=0 sample. We obtain that
Eg = 0.92 eV at x=0 and 2.45 eV at x=0.5, assuming indirect and direct photon
transitions, respectively. The magnitude of the energy band gap is enhanced due to
the Sb substitution.
In Figure 10c, schematic view between the semiconductor band positions and
the the surface redox reactions in photocatalysis is presented. The valence band
(VB) is located to facilitate oxidation, but the lower conduction band (CB1) is not
sufficiently positioned to facilitate reduction. The higher conduction band (CB2) is
needed to promote reduction process. Applying the present band model to the
photocatalytic activities observed for Ba2Tb(Bi,Sb)O6, the parent compounds with
smaller energy band gap of nearly 1 eV are responsible for the lower energy level of
conduction band (CB1) edge. On the other hand, from the effect of band gap
opening due to Sb substitution, we believe that the CB2 band model is valid in the
heavily Sb substituted samples. The former is closely related to facilitate oxidation
reactions at the surface for the IPA decomposition process. In the latter compounds
with the larger energy band gaps of 2.5 eV, the MB degradation is strongly
promoted in contrast to that of the former compounds. These findings indicate that
the conduction band edge of the heavily Sb substituted samples is optimized.
4. Conclusions
A citrate pyrolysis technique is a unique route to prepare reactive precursor
mixtures through an ignition process of concentrated aqueous solution including
metallic ions of stoichiometric composition. This procedure enables to synthesize
highly homogeneous and fine powders for functional materials. The double-chain
based superconductor Pr2Ba4Cu7O15δ and double perovskite photocatalytic
semiconductor Ba2Tb(Bi,Sb)O6 were synthesized by using the citrate pyrolysis
technique.
The TEM image of the 48-h-reduced Pr247 revealed that CuO single-chain and
double-chain blocks are alternately stacked along the c-axis such as {-D-S-D-S-}
sequence. For the present Pr247 sample with a reduction treatment for 72 h, a sharp
superconducting transition appeared at an onset temperature Tc,on=26 K accompa-
nied by a zero-resistance state at Tc,zero=22 K. The superconducting volume fraction
estimated from the magnetization measurement reached an excellent value of
 58%. Both reduction treatment in a vacuum and subsequent quenching procedure
are needed to realize higher superconductivity due to further oxygen defects. For
the 48-h-reduced sample, the RH data exhibited negative values in the limited
temperature range between 30 and 100 K, accompanied by electron doping due to
the reduced heat treatment in a vacuum. The re-entrant superconducting behavior
observed at 2.0 GPa is an open question to be resolved in future through detailed
structure analysis under applied pressures.
The polycrystalline samples for Ba2Tb(Bi1x,Sbx)O6 (x ¼ 0 and 0.5) were
formed in the monoclinic and cubic crystal structures. The magnetic data suggest
that about half of Tb ions are oxidized to the tetravalent state over the wide range of
Sb substitution, which is a common trend in the case of Ba2Pr(Bi,Sb)O6. For Ba2Tb
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(Bi1x,Sbx)O6, we estimated Eg = 0.92 eV at x=0 and 2.45 eV at x=0.5, assuming
indirect and direct photon transitions, respectively.
We conducted the gaseous 2-propanol (IPA) and methylene blue (MB) degra-
dation experiments under a visible light irradiation, to evaluate photocatalytic
activities of the powder samples. The band gap opening due to the heavy Sb substi-
tution suppresses the formation of electron–hole pairs, causing a decrease of the
photocatalytic reaction processes in the IPA decomposition. The MB degradation
rates under visible light irradiation show rapid increases due to Sb-substitution. For
the Sb50% substituted Ba2Tb(Bi0:5,Sb0:5)O6 sample, the highest performance of MB
degradation was observed. In the Ba2(Pr,Tb)(Bi,Sb)O6 system, the effect of Sb-
substitution on the photocatalytic degradation of MB is in direct contrast to that on
the IPA decomposition under visible light irradiation. We conclude that the citrate
pyrolysis samples of Ba2Tb(Bi,Sb)O6 exhibit excellent performances in comparison
with the data of the solid-state samples with the identical composition. The
enhanced photocatalytic properties in the citrate samples are attributed to their
morphology, where fine particles are homogeneously distributed with a sub micron
order.
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